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Abstract: Nitrogen (N) stored in deep profiles is important in assessing regional 20 
and/or global N stocks and nitrate leaching risk to groundwater. The Chinese Loess 21 
Plateau, which is characterized by significantly thick loess deposits, potentially stores 22 
immense stocks of mineral N, posing future threats to groundwater quality. In order to 23 
determine the vertical distributions of nitrate and ammonium content in the region, as 24 
well as to characterize the potential accumulation of nitrate in the deep loess profile, 25 
we study loess samples collected at five sites (Yangling, Changwu, Fuxian, An’sai and 26 
Shenmu) through a 50 to 200 m loess profile. The estimated storage of mineral N 27 
varied significantly among the five sites, ranging from 0.46 to 2.43 × 104 kg N ha-1. 28 
Ammonium exhibited fluctuations and dominated mineral N stocks within the whole 29 
profile at the sites, except for the upper 20-30 m at Yangling and Changwu. Measured 30 
nitrate content in the entire profile at Fuxian, An’sai and Shenmu is low, but 31 
significant accumulations were observed to 30-50 m depth at the other two sites. 32 
Analysis of δ15N and δ18O of nitrate indicates different causes for accumulated nitrate 33 
at these two sites. Mineralization and nitrification of manure and organic N 34 
respectively contribute nitrate to the 0-12 and 12-30 m profile at Changwu; while 35 
nitrification of NH4+ fertilizer, NO3- fertilizer and nitrification of organic N control the 36 
nitrate distribution in the 0-3, 3-7 and 7-10 m layer at Yangling, respectively. 37 
Furthermore, our analysis illustrates the low denitrification potential in the lower part 38 
of the vadose zone. The accumulated nitrate introduced by human activities is thus 39 
mainly distributed in the upper vadose zone (above 30 m), indicating, currently, a low 40 
nitrate leaching risk to groundwater due to a high storage capacity of the thick vadose 41 
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zone in the region. 42 
Key words: Nitrate; Ammonium; Nitrate accumulation; Critical Zone; The Loess 43 
Plateau  44 
1. Introduction 45 
Over use of synthetic nitrogen (N) fertilizer (and/or manure) as well as increased 46 
deposition of atmospheric N have adversely and chronically affected soil and water 47 
quality, human health, biodiversity and ecosystem functions around the world 48 
(Vitousek et al., 1997, 2009; Galloway et al., 2003; Walvoord et al., 2003; Zhu et al., 49 
2005; Guo et al., 2010). To understand and manage the environmental impacts of 50 
mineral nitrogen, N reservoirs, sources and cycling rates have been studied at a wide 51 
range of scales to quantify N budgets (Cleveland et al., 1999; Galloway et al., 2003; 52 
Jin et al., 2015; Quan et al., 2016). Investigations of soil N within the upper 1 m soil 53 
depth, defined operationally as the biologically active soil zone or the root zone in 54 
most agricultural systems, where N turnover is rapid (Schlesinger et al., 1990), as well 55 
as lower vadose zone beyond the root zone, have been conducted around the world 56 
(Mercado, 1976; Walvoord et al., 2003; Izbicki et al., 2015; Turkeltaub et al., 2015; 57 
Huang et al., 2016). However, the scarcity of measured deep N data still limits the 58 
regional and/or global estimation of N stock, especially for some regions with thick 59 
sedimentary deposits. For example, consideration of desert subsoil N storage could 60 
raise estimates of vadose zone N inventory by 14 to 71% for warm deserts and arid 61 
shrublands worldwide and by 3 to 16% globally (Walvoord et al., 2003). In a recent 62 
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study, Ascott et al. (2017) estimate 605-1814 Tg of nitrate stored in pore waters in the 63 
vadose zone across the globe. 64 
Soil N is immobilized by microbes or fixed by clay minerals, but also exists as 65 
nitrate (NO3-N) or ammonium (NH4-N) in the soil matrix (Sebilo et al., 2013). 66 
Because nitrate is very dynamic and mobile (Gu et al., 2013), subsoil nitrate can leach 67 
beyond the reach of roots, eventually leaching to groundwater, causing nitrate 68 
contamination and consequently a threat to human health (Babiker et al., 2004). 69 
Moreover, nitrate accumulated in the topsoil layer is considered to have very different 70 
environmental impacts compared to that leached to the subsoil layer (Zhou et al., 71 
2016). Therefore, quantifying the magnitude and distribution characteristics of subsoil 72 
N can provide additional information on understanding of N cycling within thick soil 73 
profiles, which will help improving residual N management and assessing the nitrate 74 
leaching risk. 75 
The Loess Plateau (LP) is located in the middle reach of the Yellow River in 76 
North China and is the deepest and largest loess deposit in the world (Yang et al., 77 
1988). Parts of the region, e.g., the Guanzhong Plain and some tableland areas, have 78 
experienced intensive agricultural activities for hundreds of years (Wei et al., 2010). A 79 
number of investigations on the plateau have been conducted to investigate the 80 
distribution patterns of soil nitrate and ammonium in the profiles and study the loss 81 
and accumulation of nitrate in the root zone, which have shown that long-term 82 
application of N fertilizer or manure as well as increased nitrate deposition resulting 83 
from the rapid development of petroleum and coal industries in this region can 84 
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significantly increase residual N in the soil and pose a potential threat to groundwater 85 
(Lü et al., 1998; Fan et al., 2010; Wei et al., 2010; Jin et al., 2015). However, most of 86 
these studies have focused on the top 4 m soil layer. Several studies measured N at 87 
depths deeper than 4 m, but usually less than 20 m (Jin et al., 2015; Zhou et al., 2016). 88 
Leakage of nitrate may occur below such depth, gradually moving downward to the 89 
deeper vadose zone and to groundwater (Zhou et al., 2016; Huang et al., 2018). 90 
Furthermore, the LP is predominantly covered by loessial deposits, which range in 91 
thickness from 30 to 200 m (Zhu et al., 2018). This deep deposit means that the LP 92 
has high potential for storing nitrogen or other nutrients. Therefore, there is a need for 93 
N data to facilitate evaluations of the stock of mineral N and in order to understand N 94 
cycles that occur in the deep profiles in the LP. Further research is also needed to 95 
determine the depth and extent of leached nitrate, particularly given the environmental 96 
sensitivity of the LP region.  97 
We hypothesize that (1) there may be a significant nitrate accumulation in the 98 
deep vadose zone, particularly in the southern parts of the region which experience 99 
much higher precipitation and more intensive agricultural activities and (2) 100 
accumulated nitrate in the deep vadose zone cannot be denitrified due to lack of 101 
dissolved organic carbon. To address these hypotheses, loess samples from the land 102 
surface to bedrock (approximately 50-200 m) at five sites from the south to the north 103 
of the plateau were analyzed to determine nitrate and ammonium concentrations. The 104 
specific objectives of this study were (1) to investigate the distribution characteristics 105 
of mineral N (NO3-N and NH4-N) between the surface and bedrock on the LP, (2) to 106 
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assess the size of mineral N stock within thick loess deposits, and (3) to characterize 107 
the potential nitrate accumulation in the deeper vadose zone by analyzing natural 108 
abundance of nitrate N and O isotopes. 109 
2. Materials and methods 110 
2.1. Study area 111 
This study was conducted on the Chinese LP (33.72 -41.27°N, 100.90 -114.55°E and 112 
200-3000 m a.s.l., Fig. 1) that covers a total area of 640,000 km2. The region has a 113 
continental monsoon climate with the mean annual precipitation (MAP) ranging from 114 
150 mm in the northwest to 800 mm in the southeast, most (55-78%) of which falls in 115 
June through September. The mean annual temperature (MAT) is 3.6°C in the 116 
northwest and increases to 14.3°C in the southeast (1953-2013 data from 64 weather 117 
stations). The thickness of loess deposits ranges from 30 to 200 m, with an average of 118 
92.2 m (Zhu et al., 2018), and sandy in texture in the northwest and more clayey in 119 
the southeast. The LP topography is characterized by Yuan (a large flat surface with 120 
little or no erosion), Liang (a long narrow range of hills), Mao (an oval-to-round loess 121 
hill) and gullies of all shapes and forms (Yang et al., 1988). The plateau can be 122 
divided into three sub-regions according to water availability to ecosystems: the Mu 123 
Us Desert in the driest northwest sector of the plateau; an area of irrigated agriculture 124 
within the main stem of the Yellow River catchment in the southeast plateau; and the 125 
rain-fed hilly area in the middle of the plateau (Fig. 1). 126 
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2.2. Borehole drilling and sediment sample collection 127 
Five boreholes were drilled along a south-north direction on the LP: Yangling (YL), 128 
Changwu (CW), Fuxian (FX), An’sai (AS) and Shenmu (SM) (Fig. 1). A single 129 
borehole (15 cm in diameter) at each site was drilled from the land surface to bedrock 130 
between May and June 2016 using the under-reamer method, also known as the 131 
ODEX (Overburden Drilling EXploration) air-hammer drilling method (Izbicki et al., 132 
2000). The drilling depth ranged from 56 to 205 m. A description of each site is 133 
shown in Table 1. The croplands at sites FX, AS and SM have been abandoned for 134 
natural vegetation restoration since 2000 to control soil erosion. 135 
Entire loess cores were collected at 1 m intervals from the land surface to 136 
bedrock at each site. At YL, sediment samples were collected at 0.5 m intervals in the 137 
top 10 m depth in order to consider the effect of intensive human activities, and then 138 
at 1 m intervals below that. A total of 728 loess cores were collected in 1 m long PVC 139 
core-barrel liners. Subsamples consisting of 2 kg of loess were collected from the 140 
center of each core and sealed in plastic sampling bags. All the subsamples were 141 
encased in ice boxes for transport on the same day to the laboratory and stored in 4°C 142 
refrigerators until analysis. These subsamples were analyzed for the particle size 143 
distribution, bulk density, pH, NO3-N and NH4-N and 15N and 18O in nitrate.  144 
2.3. Analyses of loess physicochemical properties and isotope 145 
The particle size distribution was determined by laser-diffraction (Mastersizer 2000, 146 
Malvern Instruments, Malvern, England) (Fig. S1). Bulk density was measured using 147 
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a soil bulk sampler with a 5.0 cm diameter by 5.0 cm height stainless steel cutting ring 148 
for each core by measuring the dry mass after oven-drying at 105°C for 48 hrs. Loess 149 
pH was measured using a pH meter with a loess-to-water ratio of 1:2.5. The loess 150 
samples were extracted with 2 M potassium chloride (KCl) solution in their moist 151 
state (soil:solution, 1:5) and then filtered through a 0.45-μm filter. The KCl extract 152 
was analyzed immediately for NH4-N and NO3-N concentrations using a Lachat Flow 153 
Injection Analyzer (AutoAnalyzer3-AA3, Seal Analytical, Mequon, WI) (Kachurina 154 
et al., 2000). In order to identify the sources of accumulated nitrate, the isotope 155 
compositions of nitrate (δ15N and δ18O) were analyzed based on the isotopic analysis 156 
of the produced N2O from NO3-N (Liu et al., 2017). The value is expressed as:  157 
(‰) =   	
		 − 1 × 1000             (1) 158 
where R denotes the ratio of the heavy isotope to the light isotope for N or O. The 159 
isotopic signatures of the produced N2O were determined by an IsoPrime 100 160 
continuous flow isotope ratio mass spectrometer connected to a trace gas (TG) 161 
preconcentrator (Liu et al., 2014). 162 
Stocks of nitrate or ammonium (Si, quantity of N per unit area, kg N ha-1) in a 163 
loess core were calculated by the concentration (Con), bulk density (BD) and the 164 
length of the core (L): 165 
 =  ×  ×                      (2) 166 
where i is nitrate or ammonium. 167 
9 
 
2.4. Statistical analysis 168 
Statistically significant differences in the concentrations and stocks of nitrate and 169 
ammonium among the five boreholes were identified using a one-way analysis of 170 
variance (ANOVA) followed by a least significant difference (LSD) test (P < 0.05). 171 
All statistical analyses were performed with the Statistical Program for Social 172 
Sciences (SPSS 16.0; SPSS Inc., Chicago, IL, USA). 173 
3. Results 174 
3.1. Particle size distribution and pH among the five boreholes 175 
Mean percentages of sand, silt and clay in the whole profile exhibited significant 176 
differences between FX, AS and SM but not between YL and CW. However, clay 177 
content was significantly lower and sand content higher at FX, AS and SM compared 178 
with those at YL and CW. Relatively higher clay and silt contents were found at FX, 179 
whereas the highest sand content and lowest silt content at SM (Table 2 and Fig. S1). 180 
The averaged pH of the whole profile at CW and AS was the highest, followed by SM 181 
and the lowest at YL and FX (Table 2). 182 
3.2. Mineral N contents and stock 183 
The contents of loess NO3-N and NH4-N from surface to bedrock for the five 184 
boreholes are presented in Fig. 2. NO3-N content in the 0-5 m loess profile at YL and 185 
CW shows a progressive depletion pattern and then significant accumulation at the 186 
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depth of 5-55 and 5-30 m, respectively. Below these depths, concentrations remain 187 
low and display minimal variation. The average measured NO3-N content over 0-55 188 
m (YL) and 0-30 m (CW) is about 14 (YL) and 9 (CW) times higher than that at 189 
lower depth. At the other three sites (FX, AS and SM) the measured NO3-N content is 190 
low and shows little variation throughout the profile. Samples from YL and CW have 191 
significantly higher content in the 0-30 m profile than the other three boreholes (Fig. 192 
3). In the 30-60 m profile, the measured content is not significantly different among 193 
CW, FX, AS and SM, but significantly higher at YL. Whereas below 60 m, no 194 
difference in NO3-N content among the sites was observed. 195 
Measured NH4-N content exhibits fluctuations within profiles for the five 196 
boreholes (Fig. 2). The average content through the entire profile at FX is the highest 197 
(7.43 mg N kg-1), followed by SM (5.11 mg N kg-1). No significant differences were 198 
detected among the other three boreholes (Fig. S2). NH4-N is the dominant form of 199 
mineral N preserved in the entire profile at FX, AS and SM, and the ratios of 200 
NO3-N/NH4-N averaged 0.10, 0.10 and 0.05, respectively (Fig. 4). In the upper 20 m 201 
of the profile at YL, the content was much lower or comparable to NO3-N content, 202 
and the ratio of NO3-N/NH4-N averaged 1.23. A similar result was observed in the 203 
upper 30 m of the profile at CW, and the ratio of NO3-N/NH4-N averaged 1.21, 204 
whereas below 30 m, NH4-N was the dominant form of mineral N. 205 
The total mineral N stored in the entire profile is 2.43, 1.27, 0.46, 1.04 and 1.87 206 
× 104 kg N ha-1 at FX, AS, SM, YL and CW, respectively (Fig. 5). However, NH4-N in 207 
the entire profile represented approximately 92, 92 and 97% of total mineral N at FX, 208 
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AS and SM, respectively, but 71 and 78% at YL and CW, respectively. The vertical 209 
distribution of NO3-N followed its content distribution at each site (Fig. S3). NO3-N 210 
was 0.28 and 0.24 × 104 kg N ha-1 in the upper 55 and 30 m of the profile and 211 
approximately 45 and 54% of the amount of the total mineral N at YL and CW, 212 
respectively. 213 
3.3. Nitrogen and oxygen isotopes in nitrate 214 
As shown in Fig. 6, the measured isotopic composition of nitrate in the upper 10 m of 215 
the profile at YL varies from -1.50 to +6.52‰ for δ15N and from -5.46 to +24.68‰ 216 
for δ18O, with a mean of +2.60 and +9.34‰, respectively. The values of δ15N and 217 
δ18O in the upper 30 m of the profile at CW vary from +4.33 to +17.47‰ and -14.24 218 
to +0.08‰, respectively. The mean δ15N and δ18O values in the top 30 m of the profile 219 
at CW are +8.51 and -6.03‰, respectively. 220 
4. Discussion 221 
The depth of the five boreholes showed spatial variations in the thickness of loess 222 
deposit on the Chinese LP. The shallowest of the loess profile was found in the north 223 
of the plateau with approximately 60 m and deepest in the south of the plateau with 224 
205 m. We analyzed particle size distribution, bulk density, pH, NO3-N and NH4-N 225 
contents and 15N and 18O in nitrate at 1 m intervals. This is the first time loess samples 226 
have been taken to such depths on the plateau and also first step to investigate nutrient 227 
cycling in the critical zone of the LP. 228 
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Mineral N stock in the entire loess profiles also showed spatial variation, which 229 
is primarily caused by variations in the loess depth and NH4-N and NO3-N contents. 230 
FX has the largest stock of mineral N because of its highest NH4-N content and thick 231 
loess deposit (190 m). A larger stock of mineral N at CW than that at the other three 232 
boreholes can be attributed to its thickest loess deposit (205 m) and a higher NO3-N 233 
content in the upper 30 m layer. Although the depth of loess at YL was 57 m lower 234 
than that at AS, the amount of mineral N at YL is comparable to that at AS, which 235 
could be ascribed to the higher NO3-N content in the upper 55 m layer. Assuming that 236 
comparable inventories (0.46 to 2.43 × 104 kg ha-1) exist in the 4.3 × 107 ha of typical 237 
loess region on the plateau (Fig. 1), there might be approximately 0.2 to 1.0 Pg 238 
mineral N stored in the loess profile in the region, indicating a large mineral N 239 
reservoir in the LP. This compares to global total estimates of 95 Pg in the top meter 240 
of soils (Post et al., 1985).  241 
The NO3-N content in the 0-5 m soil profile at YL and CW decreased with depth 242 
and show significant nutrient depletion patterns (Fig. 2), which could be attributed to 243 
root uptake and a shorter life cycle of nitrate. A similar pattern was observed in the 244 
0-2 m soil profile at FX. It is reported that the roots of dominant crops (winter wheat 245 
and maize) in the study area can reach 3.2 m or even deeper (Li, 1983), which can 246 
consume soil water and nutrients in the deep soil profile. In contrast, ammonium 247 
content showed little changes with soil depth and remained at a low and stable level 248 
around 3.0 and 4.0 mg N kg-1 in the 0-5 m soil profile at YL and CW, respectively. 249 
This result may be related to volatilization. Previous studies have found that 250 
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NH4+-formed fertilizer or urea, a dominant type of fertilizer applied to calcareous 251 
soils with pH > 8.0, are easily volatilized in the semi-arid and semi-humid regions in 252 
China (Zhang et al., 1992; Wang et al., 2014). Furthermore, the ratio of NO3-N to 253 
NH4-N remained constant in the profile from surface to bedrock at the five sites 254 
except for the upper 50 m layer at YL and upper 30 m layer at CW, within which 255 
significant nitrate accumulation was found (Fig. 4). This result suggests that nitrate 256 
accumulation in the deep loess profile altered the initial relationship between nitrate 257 
and ammonium and thus the N budgets. Nevertheless, the baseline level of NH4-N in 258 
the entire loess profile was much higher than NO3-N in the LP region, indicating that 259 
NH4-N is the dominant form of mineral N preserved in the profile, agreed with Jin et 260 
al. (2015). The level of loess NH4-N is nearly four to twenty times higher than that of 261 
NO3-N (Fig. 2). Low temperature in the deep loess profile can inhibit the ammonium 262 
oxidation rate (Delgado-Baquerizo et al., 2013; Zhang et al., 2013; Wang et al., 2014), 263 
which is beneficial to the loess ammonium storage (Hu et al., 2008). Furthermore, 264 
because of the positive charge of ammonium, opposite to clay in most cases, the 265 
residual ammonium is fixed by clay minerals or immobilized by organic matter (Zhou 266 
et al., 2016). We infer that ammonium, resulting from wet and dry deposition, may 267 
have been preserved in the deep profile during the loess deposition over millions of 268 
years. The magnitude of ammonium within different loess layers may be related to 269 
environmental conditions over a geological period. While there is few strong evidence 270 
to explain why there is a higher ammonium than nitrate in the deep loess profile in the 271 
present study, further research needs to be performed to study this interesting issue. 272 
14 
 
Compared to the NO3-N content at FX, AS and SM, there is a significant 273 
accumulation in the upper 50 m at YL and 30 m at CW, and occurs far beyond the 274 
crop root zone, which supports our hypothesis that there is a significant nitrate 275 
accumulation in a deeper vadose zone, particularly in the southern parts of the region. 276 
Similar observations were also reported in arid and semi-arid desert sites in the 277 
western United States, where the highest concentrations were between 20 and 40 m 278 
below land surface (Izbicki et al., 2015). Although both YL and CW are located in 279 
intensive agricultural areas, more nitrate is accumulated in the loess profile and 280 
transported deeper at YL than that at CW. Numerous studies have suggested that soil 281 
texture (Tong et al., 2005; Fan et al., 2010), hydrology (Stonestrom et al., 2003; Gates 282 
et al., 2008; Ju et al., 2009; Hartmann, 2014), fertilizer application (Zhang et al., 2004; 283 
Ju et al., 2006; Zhou et al., 2016) and crop systems (Fan et al., 2010; Turkeltaub et al., 284 
2015; Zhou et al., 2016) could significantly affect NO3-N accumulation in the profile. 285 
There are three possible reasons for the higher NO3-N accumulation at YL than CW. 286 
Firstly, a greater amount of N fertilizer is applied because of the use of double 287 
cropping systems and the much longer agricultural history at YL (Fan et al., 2010); 288 
secondly, more nitrate leaches because of relatively high precipitation coupled with 289 
irrigation at YL; and thirdly, a higher atmospheric NO3-N deposition rate at YL (Liang 290 
et al., 2014). In contrast to YL and CW, there is no significant NO3-N accumulation in 291 
the loess profile at the other three sites, which could be ascribed to low precipitation 292 
and a lower N fertilizer application rate along with land use change. In the north part 293 
of the plateau, the arid and semi-arid region, the application rate of N fertilizer or 294 
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manure is much lower than in the south of the plateau due to low productivity limited 295 
by low water supply (Zhou et al., 2016). Rainwater infiltration is mostly limited to the 296 
0-1 m soil layer in both normal and wet years in the region because of high 297 
evapotranspiration and low precipitation (Liu and Shao, 2016; Jia et al., 2017a), 298 
limiting nitrate transport to deeper layers. Moreover, from 1999, farmers have been 299 
converting their cropland into natural grassland, shrubland or forestland to control soil 300 
erosion (Jia et al., 2017a, b), which could significantly alter recharge processes and 301 
consequently nitrate transport (Kurtzman and Scanlon, 2011). Grasses and shrubs can 302 
take up more soil mineral N and water because of their longer growing periods and 303 
deeper roots than crops (Jia et al., 2017b, c), hindering NO3-N flow from shallow soil 304 
to deep soil layers (Fan et al., 2005; Huang et al., 2018). 305 
The isotope analysis suggests different sources for accumulated nitrate at YL and 306 
CW (Fig. 6). In the irrigated agricultural region where YL is located, nitrate in the top 307 
3 m of soil is mostly likely derived from NH4+-formed fertilizer through nitrification, 308 
while that in the 3-7 and 7-10 m layer is contributed by NO3--formed fertilizer and 309 
organic N via mineralization and nitrification, respectively. This result indicates that 310 
nitrate derived from NH4+-formed fertilizer remained in the upper 0-3 m soil layer, 311 
while nitrate derived from NO3--formed fertilizer had transported to the lower vadose 312 
zone with water flow. This conclusion corresponds to the current agricultural 313 
management practices in the area: intense fertilizer application (NH4+-NO3- fertilizer 314 
or urea for summer maize and winter wheat) and subsequent irrigation. In the rain-fed 315 
agricultural region, CW, however, manure and organic N might be significant 316 
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contributors to nitrate in the 0-12 and 12-30 m layer, respectively, as the δ15N-NO3- 317 
values range from +4.3‰ to 17.5‰. This result reflects single source of nitrate in the 318 
upper 0-12 m layer in CW. During the recent 60 years at CW, manure has been the 319 
most important source of N applied to farmland soils with an average application rate 320 
of 24.9 ton ha-1 (Wei et al., 2010). However, δ15N ranges are overlapped for some N 321 
sources, such as domestic and animal effluents, making it difficult to identify specific 322 
sources. Complementary tracers, such as, the boron isotope ratio (δ11B) should be 323 
considered to better segregate different nitrate sources, especially for soil NH4+, 324 
manure or septic waste (Briand et al., 2016). The different texture of the profiles can 325 
cause different patterns of δ15N even when only one kind of fertilizer is applied 326 
(Zhang et al., 2013). A relatively coarse texture may favor nitrate transport to move 327 
down to the deeper vadose zone. Texture of the profiles in both YL and CW, however, 328 
is very similar and uniform in the upper 0-50 m profile (Fig. S1); the effects of texture 329 
on nitrate transport can thus be ignored. The different sources of nitrate between YL 330 
and CW were caused by different agricultural activities. Fertilizer applied in YL was 331 
NH4+-NO3- fertilizer or urea, while manure was applied in CW. Furthermore, the 332 
changes in sources of nitrate within different layers appeared as sequential migration 333 
across the profile. This may be related to the water flow mechanisms (piston flow or 334 
preferential flow) and application of different fertilizers during different periods. We 335 
infer that water flow in the deep vadose zone is in the form of piston flow due to the 336 
relatively uniform and dense texture of the profiles in the southern LP (Zhang et al., 337 
2013; Huang et al., 2018). Nevertheless, isotopic composition of nitrate (δ15N and 338 
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δ18O) in sediment samples clearly support a low leaching process and mobilization of 339 
solutes across the vadose zone in the LP due to limited recharge. Recharge rate rather 340 
than solute concentration controls deep vadose zone and groundwater quality in the 341 
arid and semiarid LP region (Radford et al., 2009; Huang et al., 2018). Furthermore, 342 
revegetation in the study area may decrease the recharge rate and consequently the 343 
nitrate leaching process (Huang et al., 2018). 344 
Denitrification can make residual nitrate enriched in 15N and the δ15N value of 345 
residual nitrate increases with decreasing nitrate content (Mariotti et al., 1981). It has 346 
been reported that the ratio of δ15N/δ18O ranges from 1.3 to 2.1 (Böttcher et al., 1990; 347 
Liu et al., 2006). In our study, there was no significantly negative correlation between 348 
δ15N and nitrate content (data not shown) and the δ15N and δ18O values do not 349 
strongly follow the denitrification slope at both YL and CW (Fig. 6), which indicates 350 
that the denitrification potential is very low in the deep vadose zone. This result 351 
supports the second hypothesis that accumulated nitrate in the deeper vadose zone 352 
cannot be denitrified and is consistent with previous studies (Zhang et al., 2013; Yuan, 353 
2015; Zhou et al., 2016). In the arid and semi-arid regions, nitrate can be preserved 354 
with limited denitrification (Edmunds and Gaye, 1997; Hartsough et al., 2001) 355 
because of prevalent aerobic conditions (Winograd and Robrtson, 1982) and absence 356 
of organic matter (Edmunds, 2009). Therefore, accumulated nitrate can exist for 357 
decades or even hundreds of years and gradually move downward to the deeper 358 
vadose zone with water flow, which may finally reach groundwater.  359 
Nitrate brought in by human activities at both YL and CW, however, has not 360 
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entered the aquifer because of the thick vadose zone (Fig. 2). This suggests that the 361 
storage capacity of the vadose zone can delay nitrate into the aquifer (Mercado, 1976; 362 
Izbicki et al., 2015; Huang et al., 2016), allowing time for developing and 363 
implementing policies to address future water-quality issues. Continuous N 364 
fertilization may not cause nitrate contamination to groundwater in the areas with a 365 
deep groundwater level on the plateau in a short term but would leach to groundwater 366 
rapidly in the area with shallow vadose zone or groundwater table on the plateau 367 
(Emteryd et al., 1998; Fan et al., 2010). Therefore, different agricultural management 368 
practices should be considered in agricultural areas with a different vadose zone 369 
thickness on the plateau. Management alternatives should also be further investigated 370 
to help curb nitrate concentration increase in the vadose zone. 371 
5. Conclusions 372 
Through analysis of loess nitrogen in five deep cores taken from the Loess Plateau we 373 
have provided more insight into nitrogen stocks and dominant processes controlling 374 
such stocks. Ammonium was the dominant form of mineral N preserved in the profile 375 
from surface to bedrock at the five sites except for the upper 20 m layer at YL and 30 376 
m layer at CW, within which significant nitrate accumulation was found. Nitrate in the 377 
entire loess profile, however, remains at a low and stable level at FX, AS and SM. 378 
Nevertheless, we have revealed a potentially large reservoir of mineral N within the 379 
plateau. Nitrate may have accumulated in the upper 50 m layer in the irrigated 380 
agricultural area, represented by YL, in the southern edge of the plateau, which has 381 
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experienced long-term and intensive agricultural activities; while in the rain-fed 382 
agricultural area, e.g., CW, south central of the plateau, nitrate may have accumulated 383 
at shallow depths (30 m in the loess profile analyzed here). Nitrogen and oxygen 384 
isotope analysis indicates that the most important source of nitrate is from NH4+ 385 
fertilizer through nitrification in the upper 3 m soil, but this is supplemented by NO3- 386 
fertilizer and organic N via nitrification in the 3-10 m layer at YL; whilst at CW the 387 
main sources are from manure and organic N through nitrification in the upper 30 m 388 
of the profile. Nitrate accumulation beyond the root zone, can exist for a long term in 389 
the Loess Plateau because of limited nitrate denitrification due to the presence of 390 
oxygen and lack of carbon sources. Our results highlight the need for more attention 391 
to be paid to understanding the pattern of nitrate throughout the vadose zone and an 392 
assessment of the nitrate leaching risk to groundwater. 393 
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Figure captions: 567 
Figure 1. Distribution of the Chinese Loess Plateau and locations of the five study 568 
sites. Maps were created using ArcGIS software by Esri (Environmental Systems 569 
Resource Institute, ArcGIS 10.0; www.esri.com). 570 
Figure 2. Vertical distribution of NO3-N and NH4-N from the ground surface to 571 
bedrock at the borehole sites. 572 
Figure 3. Differences in NO3-N content among five boreholes at the depths of 0-30, 573 
30-60 and > 60 m. In each boxplot, the lower boundary of the box shows the 25th 574 
percentile and the upper boundary shows the 75th percentile. The crosses extend from 575 
the boxes to the highest and lowest values, and the lines across the boxes indicate the 576 
median. The means of boxplots with different lowercase letters differ significantly at 577 
the 0.05 significance level (LSD test). YL, CW, FX, AS and SM refer to Yangling, 578 
Changwu, Fuxian, An’sai and Shenmu, respectively. 579 
Figure 4. Vertical distribution of mineral N (NO3-N + NH4-N) storage at 1-m interval 580 
and ratio of NO3-N to NH4-N at YL, CW, FX, AS and SM sites. 581 
Figure 5. Storage of NO3-N, NH4-N and total mineral N in an entire profile at 582 
Yangling (YL), Changwu (CW), Fuxian (FX), An’sai (AS) and Shenmu (SM) sites. 583 
Figure 6. Cross-plot of 15N-NO3- versus 18O-NO3- in loess profile at Yangling (YL) 584 
and Changwu (CW). The typical ranges of the different nitrate end-members and the 585 
two typical trends (1.3:1 and 2.1:1) for denitrification in the diagram are modified 586 
after Liu et al.44 587 
  
Figure 1. Distribution of the Chinese Loess Plateau and locations of the five study sites. Maps 
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Figure 3. Differences in NO3-N content among five boreholes at the depths of 0-30, 30-60 and > 
60 m. In each boxplot, the lower boundary of the box shows the 25th percentile and the upper 
boundary shows the 75th percentile. The crosses extend from the boxes to the highest and lowest 
values, and the lines across the boxes indicate the median. The means of boxplots with different 
lowercase letters differ significantly at the 0.05 significance level (LSD test). YL, CW, FX, AS 
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 Figure 4. Vertical distribution of mineral N (NO3-N + NH4-N) storage at 1-m interval and ratio of 
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Figure 5. Storage of NO3-N, NH4-N and total mineral N in an entire profile at Yangling (YL), 
















































Figure 6. Cross-plot of 15N-NO3- versus 18O-NO3- in loess profile at Yangling (YL) and Changwu 
(CW). The typical ranges of the different nitrate end-members and the two typical trends (1.3:1 
and 2.1:1) for denitrification in the diagram are modified after Liu et al.44 
 
 
